The beneficial effects of nitric oxide (NO)-mediated vasodilation are quickly abolished in the presence of ROS, and this effect may be augmented with aging. We previously demonstrated an age-induced impairment of flow-induced dilation in rat coronary arterioles. Therefore, the purpose of this study was to determine the effects of O 2 Ϫ scavenging, as well as removal of H2O2, the byproduct of O 2 Ϫ scavenging, on flow-mediated dilation in coronary resistance arterioles of young (4 mo) and old (24 mo) male Fischer 344 rats. Flow increased NO and H 2O2 production as evidenced by enhanced diaminofluorescein and dichlorodihydrofluorescein fluorescence, respectively, whereas aging reduced flow-induced NO and H 2O2 production. Endothelium-dependent vasodilation was evaluated by increasing intraluminal flow (5-60 nl/s) before and after treatment with the superoxide dismutase mimetic Tempol (100 M), the H 2O2 scavenger catalase (100 U/ml), or Tempol plus catalase. Catalase reduced flowinduced dilation in both groups, whereas Tempol and Tempol plus catalase diminished vasodilation in young but not old rats. Tempol plus deferoxamine (100 M), an inhibitor of hydroxyl radical formation, reversed Tempol-mediated impairment of flow-induced vasodilation in young rats and improved flow-induced vasodilation in old rats compared with control. Immunoblot analysis revealed increases in endogenous superoxide dismutase, catalase, and nitrotyrosine protein levels with aging. Collectively, these data indicate that NO-and H 2O2-mediated flow-induced signaling decline with age in coronary arterioles and that elevated hydroxyl radical formation contributes to the age-related impairment of flow-induced vasodilation.
INCREASING EVIDENCE INDICATES that aging contributes significantly to the development of ischemic heart disease. Vascular resistance increases, leading to impairments in coronary blood flow and flow reserve (15) . Endothelial dysfunction similarly progresses with aging (4) and may be mediated by impaired nitric oxide (NO) activity (7, 21) or elevated oxidant stress (6, 10) . Previous studies have demonstrated age-associated declines in flow-mediated dilation in coronary arterioles due to impaired phosphatidylinositol 3-kinase signaling (21) or elevated superoxide (O 2 Ϫ ) production (7) . Because flow-induced vasodilation is inextricably linked to NO-mediated signaling, it is possible that other factors directly involved in the NO pathway may be altered with advancing age.
In the presence of the O 2 Ϫ scavenger superoxide dismutase (SOD), O 2 Ϫ is converted to H 2 O 2 . Thus age-related increases in O 2 Ϫ point to examination of potential age-related changes in the contribution of H 2 O 2 to vascular signaling. Recent evidence suggests a role for H 2 O 2 in mediating endothelium-dependent vasodilation in human (24) and porcine (46) coronary arterioles. Miura et al. (24) demonstrated that endothelium-derived H 2 O 2 contributes to flow-mediated dilation of coronary arterioles and that this vasodilation is inhibited by the H 2 O 2 scavenger catalase. However, virtually nothing is known regarding age-induced changes in H 2 O 2 -mediated flow-induced signaling in the coronary vasculature.
Shear stress elicits NO (19) , O 2 Ϫ (23), and H 2 O 2 (24) release in isolated coronary vessels. However, reactive oxygen species (ROS) scavenging also has been shown to improve endothelial function in various vascular beds (6, 7, 12) . Thus ROS production and scavenging are likely carefully modulated to produce appropriate flow-induced dilation. Therefore, the purpose of our study was 1) to investigate age-related changes in NO and H 2 O 2 signaling during flow-induced vasodilation and 2) to examine the effects of ROS scavenging on flow-mediated dilation in coronary arterioles.
METHODS
Animals. All procedures in this study were approved by the Institutional Animal Care and Use Committee at West Virginia University. All methods complied fully with guidelines set forth in the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, revised 1996). Young (5-6 mo) and old (23-24 mo) male Fischer 344 rats were obtained from the National Institute of Aging colony. These rats are sexually mature adult animals at 4 mo, whereas 24-mo-old rats are senescent, with a colony mortality rate of ϳ50%. Animals were housed at 23°C with a 12:12-h light-dark cycle and were provided water and rat chow ad libitum.
Microvessel preparation. Rats were anesthetized (isoflurane 5%-O 2 balance) and euthanized by excision of the heart, which was immediately placed in cold, filtered physiological saline solution (PSS; pH 7.4) containing (in mM) 145 NaCl, 4.7 KCl, 2.0 CaCl 2, 1.17 MgSO4, 1.2 NaH 2PO4, 5.0 glucose, 2.0 pyruvate, 0.02 EDTA, 3.0 MOPS buffer, and 1% bovine serum albumin. Resistance arterioles (Ͻ150 m) were isolated from the left anterior descending coronary artery distribution as previously described (35) . Arterioles were cannulated on pipettes matched for size and resistance in a Lucite chamber that contained PSS equilibrated with room air. In coronary arterioles Ͻ150 m, intraluminal pressure is ϳ40 -50 mmHg (5) and mean arterial pressure and cardiac output are similar between young and old Fischer 344 male rats (8); therefore, mean intraluminal pressure was maintained at 45 mmHg in arterioles from both young and old rats for all experiments. Arterioles with leaks were discarded. Vessels deter-mined to be free of leaks were warmed to 37°C and allowed to develop spontaneous tone. Only arterioles that developed and maintained Ͼ20% tone were utilized to assess vasodilatory responses.
Evaluation of vasodilator responses to intraluminal flow. Arterioles were exposed to graded increases in intraluminal flow by adjusting the height of fluid reservoirs in equal and opposite directions, thereby creating a pressure difference across the arterioles without altering intraluminal pressure within the arterioles (20) . Diameter measurements were determined in response to stepwise pressure differences of 2, 4, 10, 20, 40, and 60 cmH 2O for 2-min stages, corresponding to physiologically significant flow rates from 5 to 50 nl/s (26) . Volumetric flow (Q) was calculated as previously described (26) .
To examine the effects of free radical scavenging on flow-mediated dilation in coronary arterioles, we also assessed responses in the presence of the cell-permeable O 2 Ϫ dismutase mimetic Tempol [100 M (51)], the H 2O2 scavenger catalase [100 U/ml (11)], Tempol plus catalase, deferoxamine [an iron chelator and inhibitor of hydroxyl radical production; 100 M (45)], or Tempol plus deferoxamine. Each pharmacological agent (Sigma) was applied for 20 min before evaluation of the flow response. The order of interventions was randomized except that a control flow response was always obtained before any pharmacological intervention was performed to verify endothelial responsiveness. In some experiments, flow responses in the presence of pharmacological agents were performed after completion of a complete control response. In instances where a complete control response was not obtained, verification of endothelial responsiveness was assessed by exposing the vessel to a brief period of flow (5-13 nl/s). Vessels that did not respond to flow under control conditions (whether in response to a complete or abbreviated flow response) were discarded. All drugs were prepared in distilled H 2O, and both vehicle and time controls were performed to verify the absence of nonspecific effects on vascular reactivity.
Evaluation of vasodilator responses to H2O2. To examine the effects of aging on arteriolar responsiveness to H2O2, we determined concentration-response curves. Isolated microvessels were equilibrated and allowed to develop spontaneous tone. Vasoreactivity to cumulative additions of extraluminal H2O2 (100 nM-10 mM, 3-min stages) were recorded.
Fluorescence detection of NO and H2O2. Flow-induced increases in NO were detected with the cell-permeable fluorescent reagent 4-amino-5-methylamino-2Ј2Ј-difluorofluorescein diacetate (DAF; 5 M) at an excitation wavelength of 490 nm and an emission wavelength of 515 nm. To examine flow-induced production of H2O2, we treated vessels with 5(6)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate (DCF; 5 M). DCF fluorescence was visualized at 475-and 515-nm excitation and emission wavelengths, respectively, with a 0.5 neutral density filter (Zeiss) to minimize photooxidation. Because albumin may interfere with DAF and DCF fluorescence detection, albumin-free solutions were used for all fluorescence experiments (29, 40) . Intraluminal loading was performed by introducing either DAF or DCF into one perfusion pipette and establishing 20 nl/s flow through the arteriole for 2 min. Flow through the arteriole was then arrested, and the dye was incubated in the arteriole for 5 min. After incubation, reverse flow was initiated (20 nl/s) and maintained through the vessel for 10 min to wash all dye from the vessel lumen and perfusion pipettes. The arteriole was then allowed to equilibrate for an additional 5 min before a 20-min incubation with vehicle, catalase (100 U/ml), or N G -nitro-L-arginine methyl ester (L-NAME; 10 M). Fluorescent images were recorded using an Axiovert 40CFL inverted microscope (Zeiss) equipped with an HBO 50 super-pressure mercury lamp (Zeiss). At the beginning of each experiment, a baseline image was recorded in the absence of flow. Camera (Axiocam; Zeiss) settings were adjusted to this image and maintained throughout the course of the experiment (28) . Fluorescent images were captured every 30 s during a 2-min exposure to flow at 7.5, 35, and 50 nl/s for a total of 6 min. At the conclusion of each experiment, vessels were exposed to the NO donor DEA-NONOate (1 M) or H2O2 (10 mM) to verify that DAF or DCF, respectively, was sufficiently loaded through the duration of the experiment.
Fluorescence analysis. A user-defined segment of the central portion of each vessel (region of interest; ROI) was analyzed for fluorescence intensity using ImageJ software (National Institutes of Health). Total fluorescence intensity was calculated as average fluorescence intensity per pixel ϫ surface area. Basal fluorescence levels varied among ROIs and in different experiments. Therefore, changes in fluorescence intensity were expressed as (F Ϫ F0)/F0, where F is fluorescence intensity during flow and F 0 is baseline fluorescence intensity. Both baseline and flow fluorescence intensity values were measured within the same ROIs in the same focal plane of the vessel.
Immunoblot analysis. Coronary arterioles (5 pooled vessels per sample) were dissected, immediately snap frozen, and stored at Ϫ80°C until use. Vessels were lysed in 1ϫ sample buffer (62.5 mM Tris, pH 6.8, 2% SDS, 6 M urea, 160 mM DTT, 0.1% bromophenol blue), and protein concentration was determined using the NanoOrange protein quantification kit (Invitrogen). Samples (10 g of total protein) were subjected to SDS-polyacrylamide gel electrophoresis (10%) and then transferred to polyvinylidene difluoride membranes. Membranes were blocked for 1 h at room temperature (5% nonfat dry milk in Tris-buffered saline ϩ 0.1% Tween 20) and then incubated overnight at 4°C with catalase (1:6,000; Chemicon), Cu,Zn-SOD (1:1,000; Stressgen), nitrotyrosine (NT; 1:500; Abcam) or ␤-actin (1:4,000, Cell Signaling) antibody. After being washed, membranes were incubated with respective horseradish peroxide-conjugated secondary antibody (Cell Signaling) for 1 h at room temperature. Peroxidase activity was determined using SuperSignal West Femto (10), with image analysis performed using ImageJ (17) . Control analysis indicated that ␤-actin increased linearly in the range of 4 -16 g of total protein and did not change with age. Therefore, loading differences were normalized by expressing all data as relative densitometric units of the protein of interest vs. ␤-actin.
mRNA analysis. Arterioles were snap frozen and stored at Ϫ80°C. Arterioles were later pulverized in lysis buffer, and total RNA was extracted using the RNAqueous isolation kit (Ambion). cDNA was made using the High-Capacity cDNA Archive kit (Applied Biosystems). Real-Time PCR was performed as previously described (39) . Briefly, real-time PCR was performed in triplicate, with two notemplate control samples and two reverse transcriptase negative samples (GeneAmp 384-well optical reaction plates). Cu,Zn-SOD gene expression was quantified with predesigned TaqMan primers (Applied Biosystems) using the ABI Prism 7900HT fast real-time PCR system. Quantification of relative gene expression was performed using the comparative threshold cycle method.
Data presentation and analysis. All data are means Ϯ SE. Development of spontaneous tone is expressed as the percent constriction relative to maximal diameter and was calculated as spontaneous tone (%) ϭ (IDmax Ϫ IDb)/IDmax ϫ 100, where IDmax is the maximal inner diameter recorded at a pressure of 45 mmHg and IDb is the steadystate baseline diameter. The vasodilator responses to flow and H2O2 are expressed using the equation relaxation (%) ϭ [(IDa Ϫ IDb)/ (IDmax Ϫ IDb)] ϫ 100, where IDa is the arteriolar diameter during flow, IDb is the diameter recorded immediately before initiation of the flow-or concentration-diameter curves, and IDmax is the maximal diameter for the arteriole.
Responses to flow and H2O2 were evaluated using two-way repeatedmeasures ANOVA to detect differences between (young vs. old) and within (flow rate or concentration) groups. Post hoc analyses were performed using Bonferroni's test for pairwise comparisons. Group differences in animal and vessel characteristics were compared using Student's t-test. Differences in fluorescence intensity and protein content were assessed using one-way ANOVA. Statistical significance was defined as P Յ 0.05.
RESULTS
Animal and vessel characteristics. Body weight, left ventricular weight, and left ventricular weight-to-body weight ratios increased with age (Table 1) . Advancing age did not alter spontaneous tone in coronary arterioles from the left descending artery, and maximal diameter was not different between vessels from young and old rats ( Table 1) .
Effect of age on vasodilator responses to intraluminal flow. Flow-induced vasodilation was significantly impaired in coronary arterioles from old compared with young rats (Fig. 1) . These data confirm previous results from our laboratory demonstrating an age-related reduction in NO-mediated endotheliumdependent dilation (21) .
Flow-induced NO production. DAF fluorescence microscopy was used to examine flow-induced NO production in coronary arterioles isolated from young and old rats. At 7.5, 35, and 50 nl/s flow, DAF fluorescence was significantly reduced in vessels from old rats compared with those from young rats, indicating that flow-induced NO production is diminished with age ( Fig. 2) . The contribution of NO in mediating flow-induced vasodilation was confirmed by the elimination of flow-induced increases in DAF fluorescence in arterioles from both age groups by L-NAME, a NO synthase inhibitor (Fig. 3, A and C) . To examine the effect of H 2 O 2 scavenging on flow-induced NO production, we assessed DAF fluorescence in vessels treated with catalase. Similarly to L-NAME, catalase eliminated flow-induced increases in DAF fluorescence in vessels from both young and old rats (Fig. 3, B and D) , indicating that H 2 O 2 is obligatory to flow-induced increases of NO in rat coronary arterioles.
Flow-induced H 2 O 2 production. DCF fluorescence increased incrementally in response to increasing flow rates in arterioles from both young and old rats, indicating a ratedependent production of H 2 O 2 occurs in coronary arterioles exposed to intraluminal flow (Fig. 4A) . Catalase treatment blunted flow-induced increases in DCF fluorescence in arterioles from both young and old rats (Fig. 4B) , demonstrating specificity of increases in dye fluorescence to H 2 O 2 . DCF fluorescence intensity was dramatically reduced with aging at 50 nl/s flow (Fig.  4) , suggesting that impaired H 2 O 2 availability contributes to the age-related decline in flow-mediated vasodilation.
To determine whether aging alters dilation to authentic H 2 O 2 in coronary arterioles, we assessed concentration-response curves to H 2 O 2 (100 nM-10 mM). H 2 O 2 at 10 mM elicited maximal dilation in arterioles from both young and old animals; however, the EC 50 for H 2 O 2 was significantly lower in arterioles from old rats (1.0 Ϯ 0.1 mM) compared with the EC 50 in those from young rats (2.5 Ϯ 0.8 mM; Fig. 5 ), indicating that sensitivity to H 2 O 2 increases with age.
Effect of ROS scavenging on age-specific vasodilator responses to intraluminal flow. To determine the effects of O 2
Ϫ scavenging on flow-induced dilation, we incubated vessels from young and old rats with the SOD mimetic Tempol (100 M) before evaluation of flow. Tempol significantly reduced flow-mediated dilation in coronary arterioles from young animals but did not alter the flow response in arterioles from old animals (Fig. 6A) . As a result, age-related differences in flow-induced vasodilation were eliminated by treatment with Tempol.
To assess the contribution of H 2 O 2 to flow-mediated dilation, we treated vessels with the H 2 O 2 scavenger catalase (100 U/ml). In coronary arterioles from both young and old rats, catalase severely blunted flow-induced dilation (Fig. 6B) . These data are consistent with previous reports examining the flow response in isolated coronary arterioles (18, 24) and indicate a significant role for H 2 O 2 in mediating flow-induced vasodilation. Consistent with our results showing that flowinduced H 2 O 2 production declines with age (Fig. 4) , reduction of flow-induced dilation by catalase was greater in arterioles from young rats compared with old rats. In addition, treatment with catalase eliminated age-associated differences between flow-mediated dilation in vessels from young and old rats.
To examine the combined effects of O 2 Ϫ and H 2 O 2 scavenging, we incubated coronary arterioles with Tempol plus catalase before evaluation of flow. In arterioles from young rats, the inhibition of flow-induced dilation by Tempol plus catalase was comparable to the inhibition produced by catalase treatment alone (Fig. 6, B and C) . By contrast, in arterioles from old rats, combined Tempol and catalase treatment did not diminish flow-mediated dilation, similar to the lack of inhibition produced by Tempol alone (Fig. 6, A and C) (47) . In Tempoltreated arterioles from young rats, deferoxamine improved flow-mediated vasodilation (Fig. 7A) , restoring the response to control levels (Fig. 1) . In coronary arterioles from old rats, deferoxamine significantly (P Ͻ 0.05) augmented the flow response to a level greater than that observed in arterioles from old rats under control conditions or treated with Tempol alone (Fig. 1) . To determine the effects of hydroxyl scavenging in the absence of Tempol, we treated coronary arterioles with deferoxamine alone (100 M). Deferoxamine had no effect on flow-induced dilation in vessels from young animals but enhanced vasodilation in vessels from old animals (Fig. 7B) .
Immunoblot and real-time PCR analysis. Protein levels for nitrotyrosine, an indicator of peroxynitrite-induced cell damage, increased with aging in vessels from old vs. young rats (Fig. 8A) . SOD protein levels also were significantly higher in coronary arterioles of old rats compared with those from young rats (Fig. 8B) . Endogenous catalase was also elevated with age (ϳ20%), but this increase was modest compared with the magnitude of increase (ϳ200%) in SOD protein (Fig. 8B) . Real-time PCR analysis revealed a similar increase in SOD mRNA with age (Fig. 8C) .
DISCUSSION
The purpose of the current study was to determine the effects of aging and ROS scavenging on flow-mediated dilation in the coronary resistance arterioles of Fischer 344 rats. ROS are known to impart deleterious effects on the vasculature (9, 14, 38) , and these effects may be heightened with aging (7, 27) . Therefore, we hypothesized that ROS scavenging would improve flow-induced dilation, particularly in aged animals. Four major findings have emerged from this study. First, we confirmed previous reports (7, 21) that endothelium-dependent dilation is impaired with aging in coronary arterioles and extended these studies by demonstrating a concomitant decline in flow-induced NO production. Second, O 2 Ϫ scavenging impaired flow-mediated vasodilation in arterioles from young but not old rats, indicating that both the regulation and contribution of this ROS to flow-induced signaling change dramatically with age. Third, our results demonstrate that the contribution of H 2 O 2 to flow-mediated dilation declines with age in coronary arterioles despite an increase in sensitivity to H 2 O 2 . Fourth, deferoxamine, an iron chelator that inhibits the conversion of H 2 O 2 to OH Ϫ , ameliorated impairment of flow-induced dilation in an age-dependent manner, suggesting that aging increases the presence of non-heme iron in vascular tissue, leading to increased production of cytotoxic OH Ϫ and a decline in H 2 O 2 -dependent flow-induced signaling. These findings indicate that O 2 Ϫ and H 2 O 2 are necessary components of flow-mediated vasodilation and that aging alters the balance between these ROS, contributing to the age-related impairment of flow-induced dilation in coronary arterioles.
Flow-mediated dilation is an important regulator of vascular control in the coronary resistance vasculature and requires an intact and functioning endothelium (20) . Previous studies have indicated that NO-mediated endothelial function declines with advancing age (26, 43, 49) , and recent reports have shown a similar impairment in endothelium-mediated vasodilation in the coronary microvasculature (7, 21) . In the present study, we have demonstrated for the first time an age-induced decline in flow-induced NO production, as evidenced by diminished DAF fluorescence in isolated coronary arterioles of aged rats (Fig.  2) . This decline in DAF fluorescence is NO specific, since treatment with L-NAME eliminated any increase in fluorescence intensity in response to flow in arterioles from both young and old rats (Fig. 3, A and C) . These findings support a previous study in which Sun et al. (41) reported a decline in NO release in perfusate from mesenteric arteries of old rats.
ROS have been implicated in the development of age-related endothelial dysfunction (7, 10) . Immunoblot analysis revealed that protein levels of NT, a marker of oxidant stress, increased significantly with aging in coronary microvessels (Fig. 8) , similar to previous reports comparing young and middle-aged rats (7) . Similarly, in situ examination of left ventricles from Sprague-Dawley rats revealed increased hydroethidine staining in old vs. young coronary vessels (7) . In addition to heightened ROS production, the age-induced decline in endothelial function also may be associated with blunted antioxidant activity and, specifically, a reduction in SOD bioavailability. SOD activity in rat mesenteric arteries is suppressed with aging (41), and in old Mn-SOD-deficient mice, endothelium-dependent relaxation is dramatically reduced (48) . Therefore, we hypothesized that the exogenous application of the SOD mimetic Tempol would improve flow-mediated dilation in isolated coronary vessels. We found that Tempol had no effect in arterioles from aged animals and, surprisingly, impaired the flow response in vessels from young rats (Fig. 6A) . These results contrast with previous reports in the literature that describe the ameliorative effects of SOD and SOD analogs on vascular function (1, 6, 12, 14, 37, 41, 50 ). Our findings in old vessels coincide with those reported by Phillips et al. (28), in Fig. 4 . Flow-induced H2O2 production in coronary arterioles as measured by 5(6)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate (DCF) fluorescence. A: representative images of vessels from young and old rats at flow rates of 0 and 50 nl/s. B: DCF fluorescence increased in response to flow (50 nl/s) in coronary arterioles from both young and old rats; however, flow-induced H2O2 production declined with age. Catalase blunted DCF fluorescence in arterioles from both age groups. Values are means Ϯ SE; n ϭ 6 rats per group. *P Ͻ 0.05 significant difference from young rats. #P Ͻ 0.05, significant difference from control. which treatment with polyethylene glycol-SOD, a cell-permeable SOD analog, had no effect on flow-mediated vasodilation in isolated human visceral adipose arterioles. Furthermore, recent findings from Herspring et al. (16) demonstrated a decline in skeletal muscle blood flow following treatment with Tempol in old rats. Our data contrast with findings of a previous study by Csiszar et al. (7), in which treatment with Tiron, a SOD mimetic, improved flow-induced dilation of septal arterioles from old Sprague-Dawley rats but had no effect in vessels from young rats. In addition, aging did not alter SOD protein levels in septal vessels (7), whereas our data indicate that both SOD protein and mRNA levels increase with aging (Fig. 8) . It is notable that the septal artery is derived from a superficial portion of the right ventricular side of the septal wall, whereas, in the present study, vessels were obtained from within the left ventricular free wall. Previous studies have demonstrated increased glycolytic activity in left ventricle vs. septal tissue samples from bovine and rat hearts (36, 42) . Therefore, it is possible that differences in metabolic demand of these vascular beds may contribute to the variant findings. These contrasting results also suggest that there may be strainrelated differences in the response of coronary microvessels to SOD or its analogs. 
SOD dismutates O 2
Ϫ into H 2 O 2 , which has known vasodilatory effects on the coronary vasculature (24, 46) . It is possible that an increase in SOD might lead to increased H 2 O 2 and, thus, enhanced vasodilation (25) . Therefore, we investigated the effects of the H 2 O 2 scavenger catalase on flow-mediated dilation in coronary arterioles from young and old rats. Catalase treatment blunted flow-induced vasodilation in vessels from both age groups, eliminating the age-related difference present under control conditions (Figs. 1 and 6B ). Our findings support previous studies implicating H 2 O 2 as a mediator of flow-induced dilation in coronary arterioles (24, 32) . H 2 O 2 has been proposed to act as a redox-sensitive dilator in canine coronary microvessels (31) and also has been identified as a critical mediator of endogenous vascular tone in arterioles from rat skeletal muscle (33) and porcine myocardium (46) . DCF fluorescence intensity increased significantly in coronary arterioles exposed to flow, and authentic H 2 O 2 induced marked dilation of coronary arterioles, indicating that H 2 O 2 contributes to flow-mediated vasodilation in rat coronary arterioles (Fig. 4A) .
To our knowledge, this is the first study to investigate the contribution of H 2 O 2 to flow-mediated dilation in an aging model. Flow augmented DCF fluorescence intensity to a larger degree in vessels from young compared with old rats (Fig. 4B) , indicating an age-induced impairment in flow-induced H 2 O 2 release in coronary arterioles. Our data confirmed DCF specificity for H 2 O 2 , since catalase eliminated increases in flowinduced DCF fluorescence. Comparable to its effects on DCF fluorescence, catalase suppressed flow-induced increases in DAF fluorescence intensity in arterioles from both age groups (Fig. 3, B and D) , suggesting a dependence of NO production on the presence of H 2 O 2 . Koller and Bagi (18) proposed that the reactive dilation of coronary arterioles involves an initial H 2 O 2 -dependent phase, followed by a later NO-dependent phase. This later NO phase is likely at least partly contingent on the early H 2 O 2 phase, since intracellularly produced H 2 O 2 has been shown to induce vasodilation through a guanylate cyclase-dependent pathway (34) .
To determine whether age altered responsiveness of arterioles to H 2 O 2 , we administered increasing concentrations of exogenous H 2 O 2 and found that sensitivity to H 2 O 2 was enhanced with aging (Fig. 5) . Aging similarly increased sensitivity to H 2 O 2 in aortic rings from Wistar rats (44) . Thus our data indicate that flow-induced H 2 O 2 -mediated signaling declines with advancing age (Fig. 4) , despite increased sensitivity to authentic H 2 O 2 with aging (Fig. 5) . Previous studies by Sato et al. (34) suggest that exogenously and endogenously produced H 2 O 2 may evoke differential vasodilatory mechanisms in coronary arterioles. Our data suggest that reduced endogenous H 2 O 2 production is partially compensated by increased sensitivity to H 2 O 2 ; however, an overall impairment of H 2 O 2 -mediated vasodilation appears to contribute to the age-associated decline in flow-mediated dilation.
Our experiments investigating the effects of age. In coronary arterioles from young rats, treatment with either Tempol plus catalase or catalase alone produced nearly complete inhibition of flow-induced dilation. Contrarily, in vessels from aged rats, addition of Tempol to catalase-treated vessels reversed the catalase-induced impairment of flowinduced dilation (Fig. 6C ). These data suggest that H 2 O 2 is a major contributor to flow-induced dilation in coronary arterioles from young rats and that the contribution of H 2 O 2 to flow-mediated dilation declines with age.
In the presence of heavy metals such as iron, H 2 O 2 is quickly converted to hydroxyl radical (OH • ), which has known vasoconstrictor properties (22) . Previous studies indicate the presence of increased ferritin protein in cardiac muscle of rat hearts with aging (2), and in elderly humans, serum ferritin is similarly augmented (13) . Elevated levels of non-heme iron may increase conversion of H 2 O 2 to OH • , contributing to an overall decline in flow-mediated dilation with aging. Furthermore, previous reports have suggested that hydroxyl may contribute to reduced NO-mediated vasodilation (45) . We examined flowmediated dilation in the presence of Tempol plus deferoxamine, an iron chelator and inhibitor of OH
• formation, and found that addition of deferoxamine induced a robust improvement in flow-induced dilation in Tempol-treated arterioles from both young and old rats (Fig. 7A) . In old rats, flowinduced dilation was enhanced vs. dilation under control conditions ( Fig. 1 vs. Fig. 7A ). Furthermore, deferoxamine alone similarly improved flow-induced dilation in coronary arterioles from aged rats but had no effect in arterioles from young rats (Fig. 7B) . Previous studies indicate that Tempol also may scavenge peroxynitrite as well as its free radical decomposition products (3). However, the direct effects of deferoxamine on Tempolinduced changes in vasodilation support the predominance of the O 2 Ϫ -scavenging effects of Tempol during flow-induced dilation in coronary arterioles. Collectively, our findings strongly suggest that the age-related decline in flow-induced vasodilation is due at least in part to increased OH
• formation resulting from an ageassociated increase in vascular levels of non-heme iron.
A proposed mechanism for ROS handling during flowmediated dilation in coronary microvessels of young and aged rats is described in Fig. 9 . In general, SOD dismutates O 2 Ϫ into H 2 O 2 , which in turn is scavenged by catalase. Although additional Tempol would be expected to increase H 2 O 2 production and, thus, dilation, we found that Tempol reduced flow-induced dilation in vessels from young rats (Fig. 6A) . It is possible that excess Tempol overwhelms the endogenous catalase system, thereby shunting more H 2 O 2 toward conversion to OH Ϫ and increasing vasoconstriction. Accordingly, addition of catalase also reduces flow-induced dilation as vasodilatory H 2 O 2 is converted to H 2 O. By contrast, in arterioles from old rats, with addition of Tempol plus catalase, we found no net effect on the flow response. Our data suggest that Tempol, compounded with basally elevated SOD, produces sufficient H 2 O 2 to replace the H 2 O 2 scavenged by catalase alone. In addition, we found that a dramatic age-related increase in endogenous SOD protein was not matched by a similar rise in catalase protein, and this disproportionate increase in the expression of these antioxidant enzymes may contribute to a relative imbalance between H 2 O 2 production and H 2 O 2 scavenging in advanced age.
In conclusion, our data demonstrate that both NO-and H 2 O 2 -mediated flow-induced signaling decline with advancing age in coronary arterioles. We propose that elevated hydroxyl radical formation contributes to impairment of flow-induced vasodilation with aging and that maintenance of a balanced O 2 Ϫ /H 2 O 2 system is required for flow-induced vasodilation to occur. The current study demonstrates that disruption of this system, whether due to addition of exogenous scavenging agents or age-induced changes in endogenous scavenging systems, leads to impairment of coronary arteriolar responses to flow. Thus therapeutic interventions that restore the H 2 O 2 and O 2 Ϫ balance in coronary arterioles may mitigate age-related impairments in H 2 O 2 -and NO-mediated endothelial dilation.
